Colibacillosis is an economically important syndromic disease of poultry caused by extra-intestinal avian pathogenic Escherichia coli (APEC) but the pathotype remains poorly defined. Combinations of virulence-associated genes (VAGs) have aided APEC identification. The intestinal microbiota is a potential APEC reservoir. Broiler chickens are selectively bred for fast, uniform growth. Here we simultaneously investigate intestinal E. coli VAG carriage in apparently healthy birds and characterise systemic E. coli from diseased broiler chickens from the same flocks. Four flocks were sampled longitudinally from chick placement until slaughter. Phylogrouping, macro-restriction pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST) were performed on an isolate subset from one flock to investigate the population structure of faecal and systemic E. coli. Early in production, VAG carriage among chick intestinal E. coli populations was diverse (average Simpson's D value = 0.73); 24.05% of intestinal E. coli (n = 160) from 1 day old chicks were carrying $5 VAGs. Generalised Linear models demonstrated VAG prevalence in potential APEC populations declined with age; 1% of E. coli carrying $5 VAGs at slaughter and demonstrated high strain diversity. A variety of VAG profiles and high strain diversity were observed among systemic E. coli. Thirty three new MLST sequence types were identified among 50 isolates and a new sequence type representing 22.2% (ST-2999) of the systemic population was found, differing from the pre-defined pathogenic ST-117 at a single locus. For the first time, this study takes a longitudinal approach to unravelling the APEC paradigm. Our findings, supported by other studies, highlight the difficulty in defining the APEC pathotype. Here we report a high genetic diversity among systemic E. coli between and within diseased broilers, harbouring diverse VAG profiles rather than single and/or highly related pathogenic clones suggesting host susceptibility in broilers plays an important role in APEC pathogenesis.
Introduction
Colibacillosis is a syndromic disease of birds characterised by fibrinous lesions around visceral organs caused by a group of extraintestinal pathogenic Escherichia coli (ExPEC) known as avian pathogenic E. coli (APEC). Airsacculitis, cellulitis, pericarditis, perihepatitis and respiratory distress are among the most commonly associated signs of colibacillosis in broiler (meat producing) chickens [1] . Extraintestinal E. coli infections are a considerable economic burden on the global poultry industry due to increased mortality rates during rearing and rejection of carcasses at slaughter. Despite a number of studies aimed at elucidating the APEC pathotype, it remains poorly defined. Genes involved in bacterial adhesion, invasion, toxin production, serum survival and iron acquisition have all been shown to contribute to APEC pathogenesis [2, 3, 4, 5, 6, 7] . It is likely that combinations of virulence associated genes (termed VAG profiles or virulotypes) are needed to give rise to pathogenic E. coli, as no single gene has been exclusively associated with APEC. A recent study demonstrates APEC strains arise from multiple E. coli lineages following the acquisition of distinct VAGs, highlighting the potential high genetic diversity among these bacteria [8] . Serotyping has been used as a method for identifying APEC but several authors suggest it fails to discriminate APEC and avian faecal E. coli and a significant proportion of E. coli is untypable [9] .
Previous studies have identified the gastrointestinal microbiota as a potential reservoir for APEC infection [5, 9] . It has been shown that infection follows either inhalation of contaminated faecal dust followed by septicaemia or via active gut translocation [10, 11] . Intestinal E. coli carrying numerous VAGs maybe referred to as 'potential' APEC (pAPEC) populations and their presence is likely to pose an increased risk to systemic disease.
Commercial broiler chickens are selectively bred for their efficient and uniform growth. Despite its' commercial importance, relatively little work has exclusively focused on colibacillosis in broiler chickens [5, 6, 9, 12] . The gastrointestinal tract of a young animal is a rich ecological niche ideal for bacterial colonisation and subsequent microbial succession. The outcomes of hostmicrobial interactions are influenced by host (age, immunity), the microbe (microbiota, VAGs) and environmental factors [13, 14] . Initially, gut colonisation of production birds can be influenced by: vertical transmission, the hatchery environment, handling, transportation [15, 16, 17] . Once on farm, birds are exposed to a different rearing environment, dietary changes and vaccinations (see materials and methods).
It is currently unknown how APEC VAG carriage among intestinal E. coli populations change with respect to bird age. Thus, the current study aims to address several new questions: to determine whether there are significant changes with time in the intestinal pAPEC reservoir among avian faecal E. coli populations; if certain E. coli strains, VAGs and/or profiles are selected for in the gastrointestinal tract through time and how this relates to the strains and VAG profiles seen among systemic E. coli isolated from birds, which die as a consequence of APEC infection.
Materials and Methods

Ethics statement
The following protocol involved the (non invasive) collection of faecal samples (using sterile cotton swabs) following excretion and no approval under the Animals (Scientific Procedures) Act (1986) was needed. No birds were culled for the purpose of this study and all dead birds intended for post-mortem examination were collected on the first daily welfare walk conducted by farmers. The study was approved by the University of Liverpool Committee on Research Ethics: Physical Interventions subcommittee (reference RETH000448) with the mandatory condition that any serious adverse events be reported to the subcommittee within 24 hours. The study was conducted in strict accordance with the University of Liverpool Research Governance policies and permission for sampling on the broiler farms was granted by the farms.
Longitudinal sample collection
Two consecutive flock cycles on two standard commercial broiler chicken farms in the UK were visited once to twice weekly. The sampling described below commenced from the day the chicks were placed in rearing houses and was completed approximately 3 days before the first de-population event (, 32-35 days) . Approximately 30% of the flock is removed at depopulation to allow farmers to conform to end-of-life stocking density standards. The flocks used in this study were routinely vaccinated as industrial practice in the UK: Avian Pneumovirus (7 days old), Infectious Bronchitis virus (14 days old) and Infectious Bursal Disease (16 days old). The flocks did not receive any veterinary treatment. All E. coli isolates collected during the course of this study are available upon request.
2.1.1 Gut E. coli population VAG carriage. At each visit, 20 fresh faecal swabs were collected at random from different areas of the broiler house floor. Each swab was cultured onto eosin-methylene blue agar (EMBA) and incubated overnight at 37uC. From each plate, eight randomly selected colonies typical of E. coli were subcultured onto nutrient agar to obtain pure cultures and incubated overnight at 37uC. All media used were obtained from LabM (IDG) Ltd (Bury, UK). E. coli identification was confirmed using a PCR targeting the uidA gene [18] . One colony, representing each of the eight isolates, was pooled in 600 ml of 20% (w/v) Chelex-100 in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 (Bio-Rad, Hertfordshire, UK). DNA was extracted from each pooled sample using a modified protocol described previously [19] . Briefly, 600 ml of Chelex 100 containing pooled colonies was incubated at 95uC for 10 min. Samples were centrifuged at 10,000 rpm for 2 min and 50 ml of supernatant was added to 250 ml of sterile double distilled water.
As a means of screening faecal E. coli, largely expected to be non-pathogenic, each pooled DNA extract was screened for four VAGs previously associated with avian E.coli pathogenesis; iss, tsh, iucC and cvi, using a multiplex PCR [2] . Primers were obtained from Eurofins MWG operon (Germany); all PCR constituents used in this study were supplied by Thermo Scientific, Surrey. All four primer sequences are given in Skyberg et al [2] . Briefly, each 50 ml reaction contained: 12 ml of 25 mM MgCl 2 , 21.3 ml sterile water, 5 ml 106PCR buffer, 4 ml of 20 mM dNTPs, 0.3 ml of each 100 pmol forward and reverse primer, 0.3 ml 5 U/ml Taq polymerase and 5 ml template DNA. Thermocycler conditions were: initial denaturation 95uC for 5 min; nine cycles of 95uC for 60 sec, 55uC for 30 sec, 72uC for 60 sec; twenty eight cycles of 94uC for 30 sec, 55uC for 30 sec, 72uC for 30 sec with a final extension 72uC for 7 min. The mixture was held at 4uC. PCR products were subject to electrophoresis on a 2% agarose gel in tris-acetate buffer (TAE) at 150 volts for 60 min alongside a Superladder-Low 100 bp ladder (Thermo Scientific, Surrey). When a sample pool was positive for $3 of the 4 genes, a new Chelex-100 preparation was made for each individual isolate within the pool as described above. Pooled samples with fewer than 3 VAGs were discarded. The individual isolate DNA templates were then screened for 10 VAGs; astA, iss, irp2, iucD, papC, tsh, vat, cvi, sitA and ibeA. Three separate PCR assays were performed; one multiplex PCR previously described by Ewers et al [3] and two single PCR assays for ibeA and sitA outlined by Timothy et al [20] . Briefly, for a 25 ml multiplex PCR, 4 ml of 25 mM MgCl 2 , 13.9 ml sterile water, 2.5 ml 106PCR buffer, 0.5 ml 20 mM dNTPs, 0.1 ml of each 100 pmol forward and reverse primers, 0.5 ml 5 U/ml Taq polymerase and 2 ml DNA template were used. Multiplex PCR thermocycler conditions were as follows: initial denaturation 94uC for 3 mins followed by 25 cycles of: 94uC for 30 secs, 58uC for 30 secs, 68uC for 3 mins with a final extension 72uC for 10 mins. The mixture was held at 4uC. Each individual PCR contained 1 ml DNA template, 1 ml of each primer (100 pmol) and 22 ml of 1.16Reddymix PCR mastermix with 1.5 mM MgCl 2 . Thermocycler conditions for sitA and ibeA were identical; 95uC for 12 min and 25 cycles of: 94uC for 30 sec, 63uC for 30 sec, 68uC for 3 min; 72uC for 10 min with a final hold 4uC. PCR products were subject to electrophoresis as above. The presence or absence of the 10 VAGs produced a series of 10 numbers, which denoted the VAG profile for each isolate (presence '1' or absence '0'). Isolates carrying $5 VAGs were classified as pAPEC.
2.1.2 Post-mortem examination of dead broiler chickens. As well as faecal sample collection throughout rearing, from week 2 onwards, at each faecal sampling time point, 8 dead birds were collected from the first welfare walk of the day for post-mortem examination. To minimise the detection of systemic E. coli resulting from a loss of intestinal integrity following death, only birds identified as recently dead were included. Birds were only selected for post-mortem examination if they did not show signs of extensive pecking, had not been trodden on (flattened appearance) and/or did not have broken legs or other obvious injury. For all birds, any observed classic colibacillosis characteristics were recorded including; ascites, airsacculitis, cellulitis, enlarged spleen, pericarditis and perihepatitis [1] . For each bird, up to 1 gram of the following tissues were collected; heart, kidney, liver, lung and spleen using sterile forceps and scalpels. An equal volume of sterile phosphate buffered saline (PBS) was added to each sample and tissues were homogenised using a Biomaster Micro-stomacher 80 (Steward, UK) for 60 seconds at high speed. 50 ml of the homogenate was streaked onto EMBA and incubated overnight at 37uC. Eight E.coli colonies were picked, re-plated onto nutrient agar and incubated overnight at 37uC. All isolates were immediately subjected to a full screen of all 10 virulence genes using the assays described above and each isolate was given a corresponding VAG profile.
2.1.2.2 Statistical analysis. Collected data were analysed using multiple statistical tests. Intestinal E. coli VAG profile diversity at each sampling time point was calculated using Simpson's diversity index (D). Generalised linear models (GLMs) were used to investigate the relationship between VAG profile diversity and time. Several different statistical measures were used a) the Pearson's correlation coefficient from VAG profile diversity data and the detection of potential APEC isolates b) the P-value obtained from the Fisher's exact test to assess the distribution of VAG genes between faecal and systemic E. coli population. Associations were considered statistically significant if the calculated P-value was ,0.05.
Phylogenetic typing
Faecal and systemic isolates collected from one of the four flock cycles underwent further molecular analysis by phylogenetic typing. Two hundred and sixteen faecal and 35 systemic E. coli were analysed.
Isolates were assigned to 1 of 4 E. coli phylogenetic groups (A, B1, B2 or D) using a triplex PCR targeting chuA, yjaA and the DNA fragment TSPE4.C2 [21] . Each 25 ml PCR reaction contained: 1 ml of template DNA extract, 1 ml of each forward and reverse 100 pmol primer (Eurofins MWG operon, Germany) and 22 ml of 1.16Reddymix with 1.5 mM MgCl 2 . Thermocycler conditions were as follows: initial denaturation at 94uC for 4 mins; 30 cycles of; 5 secs at 94uC and 10 secs at 59uC with final extension at 72uC for 5 mins. The reaction mixture was held at 4uC. PCR products were subject to electrophoresis as stated above. Phylogenetic group classification was based on the combination of chuA, yjaA and TSPE4.C2: A (chuA 2 , TSPE4.
Macro-restriction pulsed-field gel electrophoresis
Two hundred and twenty two faecal and 48 systemic E. coli were analysed using PFGE. The PFGE protocol used was based on the standardised Pulsenet Rapid E. coli method [22] with slight modifications. During sample preparation, plugs were incubated for 2 h at 54uC with vigorous shaking at 175 rpm and for sample digestion each sample was incubated for 2 h with 50U of Xba1 restriction enzyme (Roche products Ltd, Hertfordshire) at 37uC. Samples were run on a 1% 0.5X Tris-Borate running buffer (TBE) (Life technologies, UK) agarose universal (alpha laboratories, Hampshire) with 0.5X TBE running buffer for 20 hours at 14uC, at 6 V/cm 2 with the initial switch time of 2.2 s and final switch time of 54.2 s in a CHEF-DRIII PFGE system. A Lambda ladder PFGE marker (New England Biolabs, Ipswich, MA, USA) was run on each gel. The gel was stained in an ethidium bromide solution (500 ml ethidium bromide in 500 ml 0.5X TBE running buffer) for 25 mins and visualised under UV using a transilluminator. Samples which failed PFGE analysis, were re-tested with a longer proteinase K incubation period; 24 h at 54uC with vigorous shaking at 175 rpm. Image analysis was performed using BioNumerics version 4.0 and Dendrograms were constructed using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA).
Multi-Locus sequence typing (MLST)
Fifty E. coli isolates from intestinal and systemic sites were analysed by MLST. Genomic template DNA was prepared using the Chelex-100 DNA extraction method as previously described [19] . Seven house-keeping genes were targeted for PCR; adenylate kinase (adk), fumerate hydratase (fumC), DNA gyrase (gyrA), isocitrate dehydrogenase (icd), malate dehydrogenase (mdh), adenylosuccinate dehydrogenase (purA) and the ATP/GTP binding motif (recA) [23] . All primer sequences and a detailed protocol are given by Wirth et al [23] . For this present study, the PCR based protocol was modified slightly and each 25 ml reaction contained: 0.5 ml of each forward and reverse primer (20 pmol), 23 ml of 1.16Reddymix with 1.5 mM MgCl 2 and 1 ml of template DNA (Chelex 100 extractions). The PCR conditions included an initial denaturation at 95uC for 2 mins, 30 cycles of; 95uC for 1 mins, target specific primer annealing temperature for 1 mins (outlined in Wirth et al, 2006 ) and a final extension at 72uC for 5 mins. PCR success was confirmed by running products on a 1.5% agarose gel in TAE buffer for 30 mins at 150 v. The remaining product was cleaned using a 20% (w/v) polyethylene glycol (PEG 8000 ), 2.5 M NaCl (Yorkshire Bioscience Ltd, UK) precipitation protocol. Cleaned PCR products were sequenced commercially (Macrogen, Korea) with 1:15 diluted sequencing primers (same as amplification primers). Sequences were analysed using ChromasPro version 1.5 (Technelysium, Australia) and MEGA 5.05 [24] and submitted to the Achtman E. coli MLST online database (http://mlst.ucc.ie/ mlst/dbs/Ecoli). To determine the genetic relatedness of our STs and those previously submitted to the online database, Burst (version 3) diagrams were constructed following the online instructions (http://eburst.mlst.net/).
Results
E. coli carriage of virulence-associated genes in healthy broiler chickens
A total of 420 E. coli pools was obtained from apparently healthy birds from two crops on two farms, between May and July 2011 and following initial screening, 119 were positive for $3 of the 4 targeted VAGs. Thus a total of 952 isolates were assigned a VAG profile out of 3360. Generally, fewer pooled samples met the threshold as birds aged.
Overall, VAGs were more frequently associated with systemic E. coli populations than faecal ones (Figure 1 ). For individual intestinal E. coli isolates, the sitA gene was the most commonly detected VAG, ranging between 0.68% and 20.57% prevalence, with an average detection of 8.51% over each sampling point for all flocks. Toxin encoding genes (astA and vat) were the least frequently detected in these populations; 0.00-11.25% (average 1.12%) and 0.00-9.38% (average 2.11%) for astA and vat respectively over the four flock cycles. Genes associated with iron acquisition, sitA, iucD and irp2, were commonly carried by individual isolates averaging 5.10% and 7.34% for irp2 and iucD respectively.
The frequency at which the invasion-related gene, ibeA, was detected varied, ranging from 0.6% to 17.73% over the 4 flock cycles. At t = 0, ibeA detection ranged from 5-14.10%. Over the first week, the level of ibeA detection decreased, before peaking between weeks 2-3 (approximately 13%) and then declining once again (to 3.12%) towards week 5. A similar trend was also observed for iss detection (Figure 2 ). VAG profiles (P-) were created based on observed combinations of the 10 different VAGs targeted (a systematic numbering system). A total of 206 different unique profiles were observed in the faeces of apparently healthy broiler chickens; P-1 (astA, iss, irp2, iucD, papC, tsh, cvi, vat, sitA, ibeA: 0000000001) represents the carriage of ibeA only, whereas P-206 is assigned to isolates carrying none of the targeted genes. P-206 was the most common profile detected in all flocks and its level of detection increased with time perhaps suggesting a positive selection for non-pathogenic traits within an intestinal population. Figure 3 shows the frequencies of detection for different profiles at t = 0 and t = week 5. On average, 24.05% of E. coli isolates screened from the gastrointestinal tract of chicks at t = 0 (placement) carried at least 5 of the 10 VAGs (termed pAPEC) (Figure 4 ). The sitA gene was consistently the most frequently detected VAG from all four flock cycles on the two farms.
Simpson's diversity index (D) was used to compare the profile diversity at each week of production for the second flock cycles on both farms; D values are shown in Table 1 . Generalised linear models confirmed the significant effect of time on VAG profile diversity (p,0.05). Overall, VAG profile diversity declined through time, with a common peak at week 3 of production.
As birds aged, the percentage frequency of pAPEC in the gastrointestinal tract declined. Prior to the first depopulation event at 5 weeks of production, only 1% of E. coli carried $5 VAGs.
An average decrease of 12.97% in pAPEC from t = 0 to week 1 was detected, followed by a further 5.47% decrease between weeks 1 and 2 ( Figure 4) . On average, over the four flocks, 39.1% of dead birds (n = 128) collected on the first daily welfare walk showed signs of colibacillosis and systemic E. coli was identified. Three hundred and twenty four isolates were virulotyped. Figure 4 shows the distribution of VAG frequencies between both faecal and systemic E. coli populations. Fisher's exact test was used to assess the ) was the second most frequent profile (9.88%). However, this was only identified on F1C1. Of the profiles which were found on more than one farm, 46.26% accounted for profiles with $4 VAGs; in all these profiles at least 50% of the genes detected were involved in iron acquisition. None of the tested isolates carried more than 7 VAGs. Observed VAG profile diversity was not correlated with the number of E. coli investigated (p.0.05), suggesting sample size variation has not influenced profile detection and thus the reported level of diversity. Over the four flock cycles, 36.4-80% of VAG profiles identified in systemic isolates were also identified at least once in faecal isolates collected before and/or at the same time from apparently healthy birds during the same cycle. Nineteen profiles out of 63 were unique amongst systemic isolates. However, only one of these profiles was identified on more than one occasion (P-221; iss
Overall, there were no profiles, which appeared to be wholly significantly associated with diseased birds; the large VAG profile diversity seen amongst systemic isolates suggests that specific VAG profile alone are not responsible for disease in commercial broiler chickens. Table 2 shows the assignment of 216 faecal E. coli and 35 systemic E. coli collected from F1C2 to the four phylogenetic groups and 1 subgroup. If no amplification occurred for any of the 3 targets, isolates were assigned to subgroup A 0 [25, 26] .
Phylogenetic analysis
With the exception of week 2 (22.50%), group D was the most frequently detected phylogenetic group among faecal isolates. In week 2, Group A was most frequently detected phylogenetic group (58.75%). The screening-based protocol of faecal isolates would have led to sampling bias towards ones containing VAGs and therefore possibly group B2 and D isolates. There are no obvious changes in phylogenetic groups through time.
Fourteen of 35 (40%) systemic isolates grouped into phylogenetic group A 0 . Previously pathogenic associated phylogenetic groups D and B 2 represented 25.71% and 2.86% of systemic isolates respectively. Results suggest that no distinct phylogenetic group accounts for systemic E. coli.
Macro-restriction PFGE analysis
Two hundred and twenty two faecal and 48 systemic E. coli isolated from the same flock were analysed by PFGE to look for changes in gut population through time, common strain types associated with systemic E. coli and to relate genetic background to the carriage of VAGs. One hundred and sixty six faecal and 35 extraintestinal isolates were successfully digested and dendrograms constructed.
A dendrogram constructed from the pulsotypes of 48 E. coli isolated from faeces at t = 0 shows large strain diversity and no apparent association between strain type and VAG carriage. The 48 isolates fell into 5 groups with 80% similarity. There appears to be no retained strain type correlated with time.
Thirty-five systemic E. coli belonged to 10 groups with 80% similarity (Figure 5 ), suggesting diverse strain diversity amongst systemic isolates. The dendrogram also highlights the isolation of multiple strain types from individual diseased birds and the presence of similar strain types amongst faecal and systemic isolates.
MLST analysis
To assess underlying clonal association between isolates with VAGs in faecal and diseased bird populations, 24 faecal E. coli In total, 33 new sequence types were identified, 6 of which were single locus variants (SLV) of ST-10. This was the only clonal complex (CC-10) in which faecal and systemic isolates were shown to be related.
Interestingly, 3 of the 24 faecal isolates were identified as ST-352 and all carried more than 5 VAGs 1) astA
ST-352 did not cluster in any of the other faecal or systemic isolates in the constructed burst diagrams.
Four ST-2999 isolates (representing 22.22% of systemic isolates tested) were isolated from two diseased birds, ST-2999 is a SLV of the emerging pathogenic clone ST-117 [27] . All four ST-2999 isolates carried $5 VAGs and no ST-2999 isolates were identified among the faecal population. Furthermore, the genetic relatedness of ST-2999 and ST-117 is highlighted in their general clustering in constructed PFGE dendrograms ( Figure 5 ). ST-48 (CC-10) and ST-10 (CC-10) were also amongst those already known STs identified in systemic populations. ST-3004 was identified only among systemic isolates. ST-3004 isolates were found to differ in the number of VAGs they carried; no VAGs (isolate 579 and 583), 1 (isolate 586) and 3 (isolate 607). Two out of the 3 VAGs are involved in iron acquisition (irp2 and iucD) ( Figure 5 ).
Discussion
To our knowledge, this is the first study to address the longitudinal diversity of intestinal E.coli populations with a focus on APEC VAG carriage, while simultaneously characterising systemic E. coli isolated from visceral organs of diseased birds in UK broiler flocks.
Previous work suggests the clonal nature of E. coli makes it possible to associate certain lineages with ExPEC status which 216 faecal E. coli and 35 systemic E. coli from vital organs were typed using the Clermont et al triplex PCR and assigned to 1 of 5 phylogenetic groups. Those isolates which showed no amplification of any of the 3 targets, yet confirmed to be E. coli were assigned to subgroup A0. Group D was the most frequently detected phylogenetic group among faecal population, while A0 (untypable) was the most common group among systemic isolates. B2 and D have been previously associated with more pathogenic E. coli, however they only accounted for 28.57% of systemic isolates in this study. doi:10.1371/journal.pone.0067749.t002
could help elucidate a ''typical'' APEC [28, 29, 30, 31, 32] . The E. coli genome has a high degree of plasticity whilst retaining a level of clonality resulting from recombination events of short mobile elements in genome ''hotspots'', often these elements contain VAGs [12, 33, 34, 35] . A similar observation was made recently regarding the clonality of extended b-lactamase producing E. coli [36] . Research suggests APEC arise from the acquisition of VAGs and certain lineages may be more accepting of incoming genetic elements and thus pathogenic [37, 38, 39] . In the current study, MLST identified a new sequence type (ST-2999) among the systemic isolates carrying $5 VAGs. ST-2999 is an SLV of ST-117, a potentially emerging pathogenic ST previously associated with retail chicken and human disease [27, 40] . ST-117 was also identified among the systemic isolates. PFGE allows for more refined comparisons between isolates and here confirmed the genetic relatedness between these isolates compared to the other systemic ones. However, the overall high level of strain diversity among systemic E. coli isolated from diseased birds; the lack of correlation with VAG carriage and the identification of multiple strains as opposed to a single clone in one bird perhaps suggests the opportunistic nature of certain E. coli [41] . Additionally, this perhaps suggests differences in broiler susceptibility compared to other avian species (layer hens and turkeys) where single clones of APEC have been identified [8, 12, 29] . As only a subset of isolates were subjected to genetic analysis, it is possible that we have underestimated the level of diversity present. It is clear a high level of diversity exists.
The intestinal E. coli population of birds has previously been identified as an APEC reservoir [5, 9] . The findings from this study further support this with 36.4-80.0% of systemic VAG profiles also being identified among faecal E. coli of the same flock.
E. coli is one of the first bacterial species to colonise the neonatal gut before succession [42, 43, 44] . A large proportion of pAPEC contributed to early colonisation of the neonatal chick (24.05% of tested population). Sources of such E. coli include: parent flock (vertical transmission), hatchery environment, human handling and transportation equipment [15, 16, 17] . Yassin et al (2009) correlated first week mortalities with hatchery and breeder age, highlighting the potential important influence of these factors [45] . Interestingly, despite all four flocks in this study being sourced from different hatcheries, the level of observed pAPEC at this stage was comparable. Past studies have shown that the possession of VAGs could be advantageous in microbial gut populations offering commensalism fitness advantages [46, 47, 48] . The positioning of VAGs on mobile genetic elements would allow for their selective maintenance within populations [7, 12, 34] .
As birds aged, both VAG profile diversity and the detection of pAPEC declined; by the last week of production, 1% of the population sampled were classified as pAPEC. Furthermore, as birds exceeded 3 weeks of age there was a noticeable decline in the proportion of pooled samples reaching the 3 VAG threshold outlined in our sampling protocol, suggesting a negative selection in the avian gut. Younger birds have been shown to possess a more diverse microbiota compared to that of older birds, likely to be due to rapid initial opportunistic colonisation of an available ecological environment; with age microbial succession and interspecies convergence occur [14, 49] . The bottle necking of VAG diversity and pAPEC with microbial succession may represent the persistence of stronger colonisers and the loss of more transient strains. One hypothesis is that different VAGs offer selective advantages at different stages of development [34] . A note of caution is required, as our list of VAGs is not an exhaustive list of APEC-associated virulence genes.
Irrespective of time, sitA was the most frequently detected VAG in this study. The sitABCD encoded transporter regulates iron and manganese transport and provides increased resistance to oxidative stress [50] . This mechanism could be advantageous among competing gastrointestinal populations and during inflammation [14] . Additionally, the redundancy of iron acquisition systems is thought to be advantageous in environmental survival [51] . Interestingly our study identified multiple ST-3004 isolates which differed in their possession of VAGs namely ones involved in iron acquisition (irp2 and iucD). Could this be the result of gene transfer and acquisition?
The ibeA gene was frequently detected among intestinal E. coli populations of young birds. The ibeA gene encodes a 50 kDa protein thought to aid brain microvascular epithelial adherence and invasion [4] . The exact mechanism of Ibe proteins remains to be determined but it has been shown to modulate type 1 fimbriae [52] . The advantage of possessing ibeA while in the gut remains unknown; it could relate to the increased survival of attached E. coli, particularly in a transient inflammatory environment [4, 53] .
The 10 VAGs selected for this study do not represent an exhausted list of APEC determinants [54] . For future work, an investigation published after this study was carried out presents a new virulotyping protocol offering vastly improved error margins in APEC detection, ideal for epidemiological studies [55] . Based on the literature the APEC pathotype is likely to contain a mix of iron acquisition genes and those encoded on plasmids [6, 9] . This was reflected in our chosen panel of VAGs. It was necessary to add a level of bias to the faecal sampling given the ubiquitous nature of E. coli in the gastrointestinal tract allowing practical detection of the proportion of the population that are potentially pathogenic. Such sampling is technically demanding and labour intensive. The 4 VAGs used in the initial screening were selected based on their high prevalence among APEC strains; iss (,83%), iucC (75%), tsh (53-63%) and cvi (63%) [56, 57] . This panel allowed for the detection of as many potential APEC as possible given the limitations in screening the large number of samples. All calculations regarding the 'proportion of potentially pathogenic E. coli' was calculated using the entire population sampled, i.e. the original number of E. coli picked before initial PCR screening.
The avian host also contributes to shaping the microbiota. Lu et al (2003) described a more stable microbiota between 2 and 4 weeks of age in fast growing birds, reflecting the current study which observed more consistent levels of pAPEC between weeks 4 and 5 [14] . Immunological changes during host development are likely to contribute to changes in the microbiota; heterophil function (avian polymorphonuclear neutrophils (PMNs)) has been shown to be lacking in day old chicks [58] . Crhanova et al (2011) reported transient gut physiological inflammation in 4 day old chicks, while the cellular immune responses to Salmonella Typhimurium of 1 day old and 1 week old chicks have been shown to be markedly different, suggesting rapid immunological changes in early life [14, 49, 59, 60] . It is likely that a combination of host (immunity and vaccination), microbial (microbiota composition, VAG carriage) and environmental (feed, production systems) changes has contributed to the changes in pAPEC observed in this study, highlighting the importance of host-microbial interactions [61] , although this needs to be looked at more closely,. It would be of interest to determine causes of death in the first 48-72 hours of life; a period of limited heterophil function, often the point of highest mortality during commercial rearing and as noticed in this study the point in production where APEC VAGs are at the greatest prevalence in the avian gut [45] .Exploratory analysis to elucidate the contribution of environmental factors to the observed changes in pAPEC is ongoing.
In summary, we have shown colonisation of the broiler gut by pAPEC to occur before chicks are placed and as broilers age the populations shift while appearing to bottle neck in VAG carriage diversity. The reasons for this remain to be determined. Our work supports that of others, identifying the avian gut as an APEC reservoir, but did not find a predominant APEC pathotype in the flocks studied. The identification of highly diverse systemic E. coli populations rather than single or highly related clones perhaps suggests the broiler chicken and its susceptibility is a major contributor to disease manifestation. Further work is required (i.e. molecular analysis on more isolates, elucidation of contributing impacting factors to pAPEC dynamics), but this study offers the first insight into the temporal movement and dynamics of E. coli in the avian host and offers a new approach to deciphering APEC.
To conclude, the concept of an APEC pathotype is arguably fundamentally flawed in broilers.
